Abstract. Previous studies suggest the median allele length of microsatellites is longest in the species from which the markers were derived, suggesting that an ascertainment bias was operating. We have examined whether the size distribution of microsatellite alleles between sheep and cattle is source dependent using a set of 472 microsatellites that can be amplified in both species. For those markers that were polymorphic in both species we report a significantly greater number of markers (P < 0.001) with longer median allele sizes in sheep, regardless of microsatellite origin. This finding suggests that any ascertainment bias operating during microsatellite selection is only a minor contributor to the variation observed.
Introduction
When the size distribution of microsatellite alleles across different species is compared, the allele sizes in the species from which the microsatellite was derived are often greater than those found in closely related species. This observation has been reported for seven of eight domestic sheep-derived microsatellites when used in bighorn sheep (Forbes et al. 1995) ; 33 of 42 human-derived microsatellites when used in other primates (Rubinsztein et al. 1995) ; 10 of 14 dog microsatellites in foxes; and also amongst related species of swallows, cetaceans, ruminants, and turtles (Ellegren et al. 1995) . These observations could result from either directional evolution occurring within different species (Rubinsztein et al. 1995, Amos and or from an ascertainment bias in the selection of clones for sequencing and eventual primer pair development (Ellegren et al. 1995) .
A critical test of the ascertainment bias hypothesis is to examine microsatellite repeat lengths following reciprocal amplification of microsatellites derived from both species. Sheep and cattle provide large numbers of dinucleotide repeat microsatellites (Bishop et al. 1994; Crawford et al. 1995; Stone et al. 1995; de Gortari et al. 1996 [in press] ). Approximately one-third of microsatellites from either species are polymorphic in the other, providing a useful dataset in which to test this hypothesis.
Materials and Methods
related animals from the USDA linkage mapping pedigrees (Bishop et al. 1994 ) which included a variety of meat breeds from both Bos taurus and Bos indicus species.
Microsatellite Analysis. Details of all microsatellites used in this study (Appendix I) are published (Bishop et al. 1994; Crawford et al. 1995; Stone et al. 1995; Kemp et al. 1996) . This data can also be accessed at the following WWW sites:
http://sol.marc.usda.gov/genome/cattle/cattle.html http://dirk.invermay.cri.nz/docs/sheepgbase/manager.html
The microsatellite markers were all obtained from small-insert genomic DNA libraries in either M13 or plasmids probed with (AC)n DNA probes. The microsatellites beginning BMS were derived from a library in which selection for (AC)n repeats had occurred but the remainder were screened from unselected libraries of random genomic fragments. A DNA sequencing ladder was used to estimate the size of microsatellite alleles in cases where the original cloned microsatellite allele was not available to act as a standard for the amplified allele.
Statistical Analysis. The Mann Whitney U test was used to determine whether there was a significant species difference in allele size for each marker. The binomial test was used to assess whether the number of markers that had significantly larger median allele sizes in sheep vs the number of markers that had significantly larger median allele sizes in cattle were equally divided. Estimates of gene diversity (heterozygosity) were made using the method of Weir (1990) .
Results and Discussion
With the exception of three centromeric fusions and one translocation ) the cattle and sheep linkage maps appear similar in marker order. To ensure that we were examining the same locus in both species we initially used only markers that were polymorphic in both species and mapped to a syntenic position in both species. Two hundred sixty-two of the 300 microsatellites polymorphic in both species showed a significant species difference in median microsatellite fragment size (P < 0.05). Regardless of species of origin of the marker, a significantly larger median fragment size was observed in sheep than in cattle (Table 1A) . These data are not consistent with ascertainment bias being the predominant factor in determining species differences in microsatellite fragment length and may indicate that some form of directional evolution of microsatellites is occurring.
We also examined the mean of the median allele lengths and the mean of the ranges in fragment size (Table 3) . Once again regardless of whether they were derived from cattle or sheep the mean of the median allele lengths and the mean of the ranges were larger in sheep. For the bovine derived markers this difference was significant for the range (P ‫ס‬ 0.02).
An additional 65 of 81 cattle microsatellites identified as polymorphic in both sheep and cattle but not yet placed on the sheep linkage map were also significantly different in median allele length. Once again more of these microsatellites had significantly larger median allele sizes in sheep although the difference was not significant (Table 1B) .
As an additional check for ascertainment bias, we compared the median allele sizes in the two species. Ascertainment bias would yield a regression slope less than 1 when the size for the new species is regressed against the size in the species in which the marker was derived (Fig. 1) . Although both regression slopes were less than 1 neither was significantly so, again suggesting that ascertainment is not the main determinant of allele size differences between these two species.
To check the possibility that we were creating additional bias by choosing only those markers that have remained or become polymorphic in both species since sheep and cattle diverged, we identified a group of markers that were polymorphic in one species but monomorphic in the other with a typical ''stutter'' band appearance. We have assumed that the predominant fragment represented the correct locus but cannot independently verify this from a map location. The markers were divided into two groups. Group 1 ( Table 1C ) contained markers that were polymorphic in the species of origin and monomorphic in the other whereas group 2 (Table  1D ) contained a small number of markers monomorphic in the species of origin and polymorphic in the other species. One hundred forty-four of 151 showed a significant difference in median fragment size, with significantly more bovine derived microsatellites fragments larger in cattle than in sheep (111 vs 29). Three of four ovine microsatellites were larger in sheep. When we combined all datasets significantly more sheep derived microsatellites are larger in sheep with no significant difference in microsatellites derived from cattle (Table  1E) .
The recent publication ) of additional human microsatellite mutations extends the observation that the majority of microsatellite mutations result from insertions of one repeat unit (Weber and Wong 1993) . Recent studies in swallows (Primer et al. 1996) and sheep (Crawford and Cuthbertson 1996) also support an expansion model for microsatellite mutation. also found that mutations tend to occur in individuals where the size difference between alleles is large and on that basis proposed a heterozygote expansion model to account for the difference in allele sizes between species. also suggest that the rate of microsatellite allele expansion may be related to the genetic diversity of a population, with the more diverse populations having longer microsatellites. If the population of a species is large and expanding, the proportion of heterozygous individuals and hence the probability of a mutation (which will most likely be an expansion) occurring and being maintained in the population is increased.
The mean gene diversity of the microsatellites polymorphic in both species, regardless of source, was higher in sheep compared to cattle although not significant (P ‫ס‬ 0.08, Table 2 ). Early studies with human microsatellites (Weber 1990) showed that there is a positive relationship between allele length and gene diversity. This has also been shown for sheep (Buchanan et al. 1993 ). Measurements of gene diversity in any species are influ- enced greatly by the population sample used to assess the diversity. In this case we have made use of the founder animals from pedigrees designed as reference mapping populations. The reference mapping families have been designed to be genetically heterogeneous so the gene diversity measurements should be regarded as approaching the maximum for any population derived from either sheep or cattle. Different results could have been obtained by using within-breed measurements, and clearly a much wider study of gene diversity in sheep and cattle is required before solid comparisons of microsatellite diversity can be drawn between these two species. Perhaps the allele size differences found in our current study reflect predomestication differences in gene diversity that have been masked by the controlled breeding introduced to the species since domestication. The sheep and cattle data presented here do not support ascertainment bias as the major reason for allele length differences except where the microsatellite is monomorphic in the heterozygous species. All our results, however, could be explained by the heterozygote expansion model. The larger allele sizes of cattle derived microsatellites that were monomorphic in sheep provide support for the expansion of polymorphic microsatellite loci compared with regions of the genome that remain monomorphic. The finding that markers polymorphic in both species had larger fragment sizes in sheep regardless of origin is consistent with the genetic diversity of sheep being higher than that of cattle, although further study is needed to verify that this is so. This heterozygote expansion model could also explain the early results (Forbes et al. 1995; Rubinsztein et al. 1995; Ellegren et al. 1995) which suggested that ascertainment bias might be occurring. Most of the mammalian microsatellites used were from species that are very abundant and easily collected, such as rodents, domestic animals, and humans. These microsatellites were then tested in species with lower effective population sizes which survive in geographically limited habitats such as primates other than humans, foxes, and wild sheep species. As a consequence they are likely to be genetically less heterogeneous. According to the model, the mean allele sizes would be smaller in these species, and this has led to the conclusion that ascertainment bias was the major determinant of mean allele size.
In summary, therefore, our data from this species comparison suggest ascertainment bias during the cloning and characterisation of microsatellites is not having a large effect on their allele sizes. Some evidence for the directionality of microsatellite evolution is provided by the significantly greater number of microsatellites with larger median alleles sizes in sheep compared to cattle. What drives this evolution remains unclear but the heterozygote expansion model of is not excluded by our data. 
